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e ABSTRACT: The electrical activity of the external intercostal
muscle and the time of the respiratory cycle were investigated
in adult Wistar rats during exposure to various gas mixtures

at increased pressure. !

Increased density of 1nsp1red gas mixture, due either to
an increase in external respiration or physical characteristics
of the inert gas, used for dilution of the oxygen, produces an ,
increase in the amplitude of the electrical pulses in the »
respiratory volleys and the time of the resplratory cycle.

A reaction of this kind in a dense medium is the consequence _

of an increase in the re51stance to respiration and a rise in

the' load on the resplratorygmusculature The paper also

considers the mechanism of the increase in resistance to

respiration in a pressurized atmosphere. '
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- Exposure of man to an atmosphere under hlgh pressure has a 51gn1f1cant
i

!
|
feffect on the organism., This problem has become particularly acute for phy51c1ans
:and physiologists concerned with diving rn conJunctlon with the current exploraﬁ

|

!

15 'tlon of the ocean shelf Increa51ng the pressure leads to an increase in the

‘ den51ty of the amblent gas, affectlng pr1mar11y the resplratory functlon In

f—a pressurized atmosphere, man displays a slowing of respiration and a decrease |
:—ln the maximum pulmonary ventilation [11 15, 19, 23, 24], as well as a slight

-
L__c:hanges is played by the high density of the inspired gas. Thus, it has been

Lo | J
‘found that the breathing of a dense gas at atmospheric pressure (a mixture of

-

increase in the vital pulmonary capaC1ty, noted by several researchers [6, 22].

It is natural to assume that the pr1nc1pa1 role in the development of these

- !

‘
+
‘

0 e

k;, 1Paper delivered at the Symposium entltled "Function of External Respiration in;

j “an Altered Gas Medium,'" Leningrad, 22 January 1971. |

""2Laboratory of Respiratory Physiology, I. P. Pavlov Institute of Physiology, !

lLenlngrad \ E

- ! *Numbers in the margin indicate paglnatlon in the foreign text. !
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I-.oxygen and sulfur hexafluorlde) produces essentlally similar changes in

3

‘external respiration [14, 15]. ___ . . -
I Slnce ‘the pressure differential between the alveolar space and the ambient

V

med1um wh1ch allows the passage’ ofvgases through the respiratory pathways,

f'ls produced by the activity of the respiratory musculature, breathing'a dense
3 |

i

..gas increases the load on the respiratory muscles [7, 22]. Increasing the

“resistance to respiration and imposing a considerable load on the respiratory

1
[
fam
i
I

-musculature are the principal factors which limit prolonged stays of man

: “under high pressure [13]. ;

-to the influence of increased density of inspired gas on the respiratory

“function; we have almost no data on the electrophy51ologlca1 analysis of the
oVES & >LJ7

‘: It should be pointed out that there are comparatively few studies deuoted
|

[

h |

% activities of the respiratory musculature of the organism when in a pressurlzed

| atmosphere. :

r‘ Theérefore, we have attempted in this paper to use electrophysiological ¢ /1809 -

\,means to determine the load on the resplratory muscles in experimental animals - -

“(rats) as a function of the level of the excess pressure and the density of

..the gas mixture.

Method

- For this purpose, we built an apparatus in the laboratory which consisted

T

P ‘of a cage-stand for the animal, an electrlc stopwatch with calibrations for
gmprec1se recording of the time of the resplratory cycle as well as amplifying
[}
..
i

“and counting devices for studying the e;ectrlcal activity of the respiratory
-

-musculature. _The cage-stands were in the form of narrow oval tubes constructed
E”of plastic, with movable side walls. In a cage of this type, the rats can

_.remain in a resting state for several hours without being held down. Carbon
l

; sensors were firmly fastened to the 51dewalls of the cage and connected to an !

s

;”electrlcal circuit with a step-by-step selector. The latter made it possible

|
i to record on an electronic stopwatch the time of each ten respiratory cycles

and to record the electromyogram for the same period. The biopotentials were

|
e
i recorded by means of two silver electrgggs, 0.2 mm in diameter, implanted in
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the outer intercostal muscle in the vicinity of the fifth and sixth inter-

b . !
-costal spaces. The electrical abtivﬂty“ofxmhe'muscles was transmitted through
! a UBP 1- 02 amplifier to a Kozhevnikov 1ntegrator [2], which produced the
t<curve of the pulse amplitude im’ resplratory volleys. In addition, the pneuo- |

) grams and]electromyograms were recorded;on a strip chart osc1llograph (type
NN 105).

'm Slr}serles of experiments were performed on sixty male rats of the Wistar

r“ strain, weighing 280-310 grams. The anlmals were kept for one hour in air to

'.record the background and then placed for the same period of time in a

! . -

“"barochamber with a volume of 80 liters,' filled with various gas mixtures under

.pressure. In all ceses, the partial pressure of oxygen was kept at the

| "atmospheric level. The following mixtures were used: nitrogen-oxygen mixture
e

Q et

%_at pressures of 2.5 and 9 kg/cms, helrﬂﬁ“okygen mixtures at 9 kg/cm2 and |

“"elegaz'-oxygen® at a pressure of 1 kg/om2 and without pressure.

L"Results of the Study and Their Evaluation i

[ - The_experiments..which-were performed revealed changeS-Jn the investigated-.

1nd1ces even when the pressure of the nitrogen- oxygen mixture was raised to
"2 kg/cm (3 ata). During the time the gnlmals weére under pressure, the

amplltude of the electrical impulses inithe external intercostal muscle and f

E
"
i
i

”the time of the respiratory cycle 1ncreased by 17% (p < 0.05). When the pres-
sure of this mixture was raised to 5 and 9 kg/cmz, the changes in the investi-

“gated parameters were more clearly evident. But, at a pressure of 9 kg/cm2

'
1

l
R
-
i the amplitude of the oscillations in the electrical dctivity in the 1nsp1ratory

‘muscle during the period spent in the barochamber increased by 27% while the ;
{
r‘tlme of the respiratory cycle increased. by 12% in comparison to the or1g1na1 '

l“level in air (see the Figure, B). In the helium-oxygen mixture at the same
I_pressure (fourth series), the invest;ga?ed parameters remained practically the

‘ ~same (see the figure, C). !

In view of the fact that in a heliﬁm-oxygen atmosphere under pressure,

l

-

I |
’ _when the density of the gas mixture was nearly equal to that of air.(at

|

~

i

3 !'\“'\.|;I| i
~ Oxygen in sulfurhexachloride (SF(). . » -

|
L e
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' .atmospheric pressure), no changes in the 1nvest1gated parameters were observed«

—we can conclude that increasing the amplitude of the electrical activity in 1

cege One Titre

the 1n5p1ratory muscle and increasing the time of the resplratory cycle in the:

l

first three series of experiments was_caused by an increasé in the den51ty of
wevzs s PFare Titie i

the 1nsp1red air. -

' !
To check this finding and exclude the possible narcotic effect of nitrogen
“under pressure, we used sulfurhexachlorlde called "elegaz'" in the next two |

-
}
B
P
1
{ .series of experiments as the diluent for the oxygen (the density of this
fTmixture was approximately five times h1gher than the density of air). With 'E
?cthe "elegaz''-oxygen medium, we obtained:results similar to those in the pre- !
i ceding studies in the nitrogen-oxygen atmosphere under pressure. The amplitude
! of the impulses of electrical activity in the inspiratory muscle increased by
‘ [~28%, while the time of the respiratorxxEycﬂehintreased by 20% in comparison tof
[;the original level in air (see the figure, D). When the pressure of this
—mixture was increased by a factor of 2~“the changes in the inrestigated param-'
rweters were still more evident. Thus, the amplltude of the electrical 1mpulses;
'"1ncreased by, 65/ % _(p.<-0.05), while the time of the”resplratory _cycle 1ncreased

_by 25% (p < 0.05). - : !

A,(..__ - .»,.

Hence, increasing the density of the inspired gas mixture either by in-

— creasing the external pressure or by changlng the physical characteristics of
the gas used for diluting the oxygen produces an increase in the electrical |
—activity in the respiratory volleys of the external intercostal muscles and
"the time of the respiratory cycle, i.e., the respiration slows down. These
i—changes are evidently caused by an increase in the work of the respiratory
[:musculature due to inspiration of a dense gas mixture and a rise in the re-
-sistance to the air flow in the respiratory,pathway.

[

- In order to analyze the relationship of the load on the respiratory .
:;musculature to the external pressure, we must consider the components of which
{

~the resistance to respiration is composed. As we know, the total resistance

|_to respiration consists of three components: elastic, inertial and inelastic |
j !
~resistances [9]. The first arises as the result of the elasticity of the lungs

L.
| and chest. The elastic properties ofjthe tissues are independent of the

TSt st e e ¥ T W KL 4 A
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| compressible.

i

e R _ o
—external pressure, since they are made up of water which is practically in-

Hence, the elasticvmesistance,does not change under conditions

The inertial r651stance is composed of the inertial

e

- |
of excess pressure.

_resistance of the gas and the yng§plq%nges;§¢§pce of the tissue. Under in-

|
. . le .
—creased pressure, there is.an increase in the mass of the gas passing| along

__the respiratory pathways and naturally ihere is an increase in the value of

—the inertial resistance. However, as special studies have revealed, this

_increase is so small that it may be dis}egarded [17]. Inelastic resistance
!

—is made up of the inelastic resistance of the tissues and the resistance of

-

. the respiratory pathways. inelastic

|
Under conditions of increased pressure,

20

i
-
[
[ 140F
|

"resistance of tissues does not change ahd there is only the significant in-

.crease in the second component — the re51stance of the respiratory pathways.

~
BN . N - LoVeE ™ IC(

i

‘In v1ew of %he fact that the gas flow in
% T ;f ithe resplratory pathways is essentially laminar
1200 = . &? o #il in naturei with the exception of places where
25 ﬁzj ff% G- 7 the bronchlal tree'P?enches naturally, where
oo} |1 | 1 ;“— vortex"fo?matlon oecurs and the gas flow becomes™
wt A | G NZh partially,turbulen;. On the basis of these
50 - 20} z Z 1 consideraﬁions and in view of the fact that the
o g AL B ¢ p movement of the gas along the respiratory

pathways occurs due to the slight pressure

dif’ i .
Electrical Activity of Muscles i ferentlal between the alveolar space

-
i-
35}Aand Time of Respiratory Cycle

MO

in Animals in Gas Mixtures of
_Various Densities. A, Initial
level in air; B, In nitrogen-
-oxygen mixture at a pressure
! of 9 kg/cm2 C, In a helium-
i_-oxygen mixture at a pressure
of 9 kg/cm?; D,
i:oxygen mixture at atmospheric
pressure. Empty columns,
_amplitude of electrical
i_.activity of muscle in respira-
i_tory volleys (in % of original
!.level); shaded column, time of
o respiratory cycle (in % of
‘ or1g1na1 level).
L

L
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In an "elegaz'-

and, the ambient medium, Rorer [9, 23]
derived a formula which characterizes the
pressure of the gas flow in the respiratory

pathways: i

; AP = V - K, + v . Kys

’ !
where AP is the pressure differential which

ensures air flow; V is the volume of '

vg}Oglty of the gas; Kl’ coefficient of

laminar flow (function of dynamic viscosity
! . L L o T

Lo 5 _.
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’ L.
‘lamlnar flow (function of dynamic v1sc051ty of the gas), 99 coefficient of
e o

_.turbulent flow (function of gas‘q§n§rtx).‘it e

[os

l
Hence, the resistance to respiratibn which is produced by the lahinar

portlon of the flow is directly: proportronaltto the volume velocity and the

’”den51ty and the square of the volume veﬂoc1ty of the inspired air.

g
§ Evidently Rorer's formula makes it[possible to calculate in advance the
l_level of resistance to respiration under conditions of high pressure on the
! ambient medium, since the gas density at any pressure is known. However, as
rﬂstud1es have shown, the equation derlveg by Rorer corresponds to conditions

"at atmospheric pressure, but at high pressure it does not agree with the data

Tover Pa Source

('D

f—

i

-

e

&_obtalned by experimental means [16].
I The nature of gas flow in tubes, as we know, is determined by the
, i

Reynolds number. It has been determined experimentally that if the Reynolds

_number approaches 2,000, flow will change from 1am1nar to turbulent. Increas-

--ing the density_.and rate of movement of of, _the gas promotes the development of

turbulence while 1ncrea51ng the dynamlt v1sc051ty retards this process. In

—other words, as the external pressure 1ncreases gnd the density of the inspire

)
|

dynamlc v1sc051ty, while the turbulent portlon is directly proport10na1 to the

1
1
t
d

m1xture rises, the turbulence will deveiop in the gas flow that was previously

i*lamlnar If we take the Reynolds number into account, we can determine more
- '_precisely the value of the resistance to respiration with increased pressure

r of the ambient medium [23], although not everyone shares this view [8, 9].

[:Several investigators have suggested another concept for the characteristic of:

‘~the air flow in the respiratory pathwayf — the index of the pressure differ-

i

i ential which is directly dependent on the gas density [8].

s_..

ﬂ"pressure increases and there is a corresponding increase in the dependence of

H

i the resistance to respiration and the load on the resplratory musculature on
~-the density of the gas mixture. ;'

L. This is one of the reasons why it gs preferable under conditions of

increased pressure to use gases with loh-density, especially helium [16]. It

'~was found on an '"artificial lung” apparatus at atmospherlc pressure that the

I A

R et TR SN ST -
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| Hence, the fraction of the turbulent flow during respiration under excess .

|

/1811
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—~value of the resistance to the alrflow 15 4.6 times greater than for he11um
’[1]. Increasing the resistance . &0, resplratlon leads to activation of the
5~"respiratory musculature. Thus, when breathlng air at atmospheric pressure
_under conditions of constrictign of. theltrachea there is an 1ncrease’1n the
r*bloelectrlc activity of the diaphragm; however when the air is replaced by

;;a mixture of helium and oxygen, the work of the diaphragm muscle returns to

~-normal [3]. In our experiment also, using a helium-oxygen mixture under
r:excess pressure, we found that the electrical activity of the external inter-

--costal muscles does not change, but does increase markedly in a dense "elegaz''-

_-oxygen mixture at atmospheric pressureL The slowing of respiration which

—was observed in the rats at this time ig evidently of an accommodative nature,

:aimed at the energetic optimization of the mode of pulmonary ventilation ‘

20 ~»required under the given conditions. Péizhﬁﬁzhﬁﬁn shown that at a pressure of
10 kg/cm2 and a minute respiratory voluhe of 10 7Z/min, the work of respiration
—in a nitrogen-oxygen mixture in comparlson to one of helium and oxygen is '

1ncreased by approximately 1.45 times, whlle when the MRV increases the

;~frequency of respiration is also somewhat greatert[sﬂ

- Data are available which indicate that an ihcrease in the work of the

._‘ _-‘_..._ _...__.._.._ -

5 ‘respiratory musculature under condition$ of increased atmospheric pressure

I

-leads to highly unfavorable consequences — accumulation of carbon dioxide in

the alveolar air [10, 12, 20]. Here wejcan draw a slight analogy with clinical

-observations. Thus, individuals with opstructive diseases of the respiratory '

\Ad
U1

i
pathways and chronic pulmonary insufficgency also sometimes display an increased

—~concentration of carbon dioxide in the élveolar,air [4, 21]. Under conditions

' . ) N . . .
of excess pressure, this phenomenon ev1dent1y must be viewed as a disruption

o l

—of the function of the external resplratlon
"".‘ b

Hence, the significant increase in atmospheric pressure and density of

'
|
¥ 1nsp1red gas leads to the development of electrical activity and a rise in the
]

IS | '~10oad on the respiratory musculature, as. .well as changes in the parameters of
- the external respiration, and may lead to decompensation of the respiratory

i .function. i

i .

‘| . A
50| !
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